ABSTRACT This paper presents the performance of optically transparent 4 × 2 microstrip patch antenna arrays operating at 60 GHz and made from double-sided micrometric mesh metal layers. A high level of optical transparency (higher than 80%) over the entire visible light spectrum coupled with a sheet resistance lower than 0.5 /sq of the mesh metal films are achieved. Microwave performance of the transparent antenna arrays has been performed from two different mesh ground plane patterns and compared with those of an opaque antenna array made of double-sided continuous metal films. A gain value equal to 13.6 dBi at 58.0 GHz has been recorded, against 15.6 dBi at 59.7 GHz for the opaque antenna array. The influence of the mesh structure and mesh parameters of the ground plane is investigated and discussed.
I. INTRODUCTION
The design and fabrication of optically transparent antennas printed onto glass substrates are of great interest to produce new communicating surfaces implemented on building windows, car glazing, or solar panels for example. With the advent of Internet of Things (IoT) and 5G, the needs for antennas with soft visual impact will grow in the next future. A first solution deals with the design of electrically small antennas [1] , [2] . However these antennas provide weak radiation efficiency due to their small size. Another solution deals with the increase of the operating frequency to take advantage in antenna size reduction [3] at the expense to their technical complexity and development cost. In this frame, optically transparent antennas printed on transparent substrates present an alternative route to circumvent such problems. These antennas need nevertheless to be fabricated from transparent and conducting layers. The most usual materials belonging to the transparent and conducting oxide (TCO) family are indium tin oxide (ITO) [4] and zinc oxide [5] . However the provided sheet resistance Rs remains high for microwave applications (Rs higher than 8 /sq [6] ). Hybrid solutions based on TCO/metal multilayers are also available, such as ITO/Cu/ITO or ITO/Ag/ITO/Ag/ITO heterostructures [6] - [8] , or the commercial AgHT films (ITO/silver multilayers printed on polyester substrates) [9] . Nonetheless, the sheet resistance, while improved, remains higher than 1 /sq. In addition, the optical transmittance of such materials varies in the visible light spectrum, causing a slight coloration of the conducting layer.
An alternative solution was specifically developed within IETR Institute since many years. It is based on printed micrometric mesh metal films [10] . Metal layer exhibits low sheet resistance value and apertures into the metal layer give the needed and constant optical transparency over the entire visible light spectrum. Metal thickness adjustment prevents any skin depth loss at the operating frequency, while keeping a high level of optical transparency. Micrometric mesh dimensions processing of the metal film provides soft visual impact of such samples, compared with that of grid layers, also called see-through devices or see-through antennas [11] . Indeed the micrometric mesh pattern is selected here to be non-visible at the punctum proximum of the ordinary human vision (d = 25 cm). Numerous transparent antennas have been developed from such a material at various frequencies, from 800 MHz up to 24 GHz [12] - [16] .
The aim of the present work is to extend the investigation up to millimeter wave frequency bands. Hence, the micrometric dimensions of the mesh pattern will be of the same order of magnitude as the working wavelength. In the present study, we focus in particular on the effect of the mesh processing of the ground plane on the microwave performance of an optically transparent 4 × 2 microstrip patch antenna arrays operating at 60 GHz. Accordingly two different transparent antenna arrays are considered here and their microwave performance has been measured and compared with that of an opaque counterpart made of continuous metal films to serve as a reference. This paper is organized as follows. The design of the antenna arrays is described in Section II. In the subsequent section, the simulation results are presented. Fabrication process of the transparent arrays and opaque counterpart, and the related measurement results are detailed and discussed in Section IV. Finally, conclusions are drawn in Section V.
II. ANTENNA DESIGN
The antenna studied here is a 4 × 2 rectangular patch antenna array fed by a parallel network in microstrip technology. The substrate used is a 25.4 mm × 25.4 mm × 0.2 mm fused quartz with a dielectric permittivity r = 3.75, a loss tangent tan δ = 4 × 10 −4 , and an optical transparency T sub = 94 % over the entire visible light spectrum. The antenna array dimensions are specified in Fig. 1 . The conducting film used is a 0.8 µm-thick silver layer (the best electrical conductor of the periodic table: σ Ag = 6.1 × 10 7 S/m at room temperature [17] ) deposited on each side of the fused quartz and three times thicker than the skin depth value δ at 60 GHz (δ = 0.26 µm) defined as follows:
where µ 0 is the permeability of the free space, and f is the operating frequency. First, two antenna arrays are studied: a transparent mesh antenna array (Array 1) designed with different pitches p and metal strip widths s for the radiating layer (to restrict the ohmic loss) and for the ground plane (to improve the optical transparency T ), respectively (Table 1) ; and an opaque antenna array made of double-sided continuous silver films (radiating layer and ground plane with Rs = 0.02 /sq and T = 0%) to serve as a reference. The theoretical optical transparency T and sheet resistance Rs of the mesh films are computed from equations (2) and (3) derived in [10] :
where R s is the sheet resistance of the continuous silver film before its mesh processing and t is the thickness of the conducting film (t = 0.8 µm).
III. SIMULATION RESULTS
Numerical simulations of the reference (opaque) and mesh (transparent) antenna arrays were performed on the commercial CST Microwave Studio R software. The computed reflection coefficients are shown in Fig. 2 . As expected and noted in previous studies [15] , [16] , a frequency shift is noticed between the operating frequency of the opaque antenna array (59.9 GHz) and that of the mesh antenna Array 1 (54.5 GHz). We assign this result to a mesh processing effect of the ground plane. To restrict such frequency shift, the footprint of the radiating layer (consisting of a feeding line, a network and 4 × 2 patches) was printed into the mesh ground plane, precisely facing each other (Fig. 3b) . This new mesh antenna array, namely Array 2, has the same structure as Array 1, only the ground plane is modified by adding the radiating layer footprint into this. The computed reflection coefficient of this new antenna array is also presented in Fig. 2 . Accordingly, the offset of the operating frequency is narrowed and now close to that of the reference antenna array (59.2 GHz against 59.9 GHz).
The simulated radiation patterns are depicted in Fig. 4 . They are plotted at the operating frequency exhibiting the best impedance matching: 59.9 GHz for the opaque antenna array, 54.5 GHz for the antenna Array 1 and 59.2 GHz for the antenna Array 2. If the shape of the radiation patterns does not change strongly after the mesh processing, gains of the antenna arrays are clearly different with 15.0 dBi for the opaque antenna array, 11.9 dBi for the antenna Array 1 and 13.1 dBi for the antenna Array 2. The simulated radiation efficiency is 89% for the opaque antenna array (at 60 GHz) and 60% for both antenna Arrays 1 (at 55 GHz) and 2 (at 59 GHz). The high efficiency of the opaque antenna array is due to the low dielectric loss of the fused quartz substrate and the low ohmic loss R loss of the continuous conducting film, as follows:
where σ eff is the effective electrical conductivity of the conducting film (σ eff = σ Ag for the continuous silver film and σ eff = 1/(R s × t) for the mesh silver film). Furthermore, we can notice equality in efficiency for both transparent antenna arrays while gains are different.We assign these results to a twin-effect: the operating frequencies are not the same for the antenna arrays (54.5 GHz for Array 1 and 59.2 GHz for Array 2), so their directivities are different (14.1 dBi for Array 1 and 15.2 dBi for Array 2) due to their different electrical sizes. Moreover, the front to back ratio is higher for the antenna Array 2 (12 dB) compared with that of antenna Array 1 (8 dB) due to lower R loss of the ground plane fitted with the radiating layer footprint. Hence, the printing of the radiating layer footprint into the mesh ground plane improves the radiating layer/ground plane coupling through the fused quartz substrate.
IV. FABRICATION AND MEASUREMENT RESULTS
The fabrication of such antenna arrays is based on the technological process fully described in [10] . An ultrathin titanium underlayer (5 nm-thick) and a continuous silver film (0.8 µm-thick) are first deposited by the RF sputtering technique on each side of the fused quartz substrate. Subsequently standard photolithographic wet etching processes with the appropriate photomasks are used to pattern the radiating layer and the ground plane. A mask aligner has been used for the photolithography step to provide a strong alignment between the radiating layer photomask and the pattern of the mesh ground plane fitted with the radiating layer footprint (antenna Array 2). And according to [18] , each edge of the radiating layer photomask has to be bordered by a metal strip. Afterwards, stripping of the photoresist leaves the antenna Arrays 1 and 2 with a periodic array of apertures in the respective metal films. Photos of the three fabricated antenna arrays are shown in Fig. 5 . A zoomed view under optical microscopy of one patch of the antenna Array 2 is presented in Fig. 6 . A slight misalignment between the mesh of the radiating layer and that of the ground plane of about 30 µm in one direction and 60 µm in the perpendicular direction is observed. Numerical simulations of the antenna Array 2 with two alignment differentials (30 µm and 100 µm, respectively) have been performed (Fig. 7) . For small misalignments (differential lower than 100 µm), the radiation patterns do not evolve, neither in E-plane nor in H-plane. Regarding the reflection coefficient, a slight frequency shift (lower than 300 MHz) is noticed. Therefore a small misalignment has no significant impact on the microwave characteristics of a double-sided micrometric mesh antenna array. In the other hand, its optical transmittance will be impacted locally by such misalignment. It will evolve from T = 67.9% (perfect alignment) to 62.5% (full misalignment).
The ground plane optical transparency of the mesh antenna arrays was measured with a UV/Visible spectrophotometer (Fig. 8) . T = 83% for the antenna Array 1 and T = 86% for the antenna Array 2 (in perfect agreement with the theoretical value, see Table 1 ) have been recorded over the entire visible light spectrum (400-800 nm). The lowest optical transparency of the antenna Array 1 is due to a larger silver strip width than the intended value (s = 16 µm against 11 µm), mainly as a result of an underetching behavior during the wet etching step. 16 µm-width silver strips give a theoretical optical transparency equal to 83.3%, which agrees closely with the measured value. It is worth noting that the optical transparency of the mesh radiating layer could not be measured due to the larger UV/Visible beam dimensions (7 mm × 1 mm) compared with those of an unitary patch (1.7 mm × 1.13 mm, see Fig. 1 ).
The measured reflection coefficients and radiation patterns of the three fabricated antenna arrays are presented in Figs. 9 and 10, respectively. The measurement results agree well with the numerical ones. Only a small difference is noticed between simulations and measurements in the E-plane due to diffraction effects induced by the V-connector. As disclosed in Section III from simulation results, a strong shift of the resonance frequency for the antenna Array 1 (56.1 GHz) and a lower one for the antenna Array 2 (58.0 GHz) are noticed compared with that of the opaque antenna array (59.7 GHz). Regarding the gain values (Figs. 10 and 11) , the opaque antenna exhibits a maximum gain equal to 15.6 dBi (against 15.0 dBi from simulation), 11.6 dBi (against 11.9 dBi from simulation) for the antenna Array 1 and 13.6 dBi (against 13.1 dBi from simulation) for the antenna Array 2. Therefore, the printing of the mesh radiating layer footprint into the mesh ground plane restricts the frequency shift ( f = 1.7 GHz) and improves the gain (difference of 2.0 dB) compared with that an opaque antenna array. The higher gains from measurement compared with those from numerical simulation (between 0.3 dB and 0.6 dB higher) are assigned to the V-connector influence.
The measured H-plane radiation patterns versus frequency are displayed in Fig. 12 . Once more, the large frequency shift exhibited by the mesh antenna Array 1 and the lower one by the mesh antenna Array 2 are clearly highlighted. Moreover, the use of the footprint also reduces the side lobe levels compared with those exhibited by the antenna Array 1. Accordingly, the radiation pattern of the antenna Array 2 is very close to that of the opaque antenna array. Additionally, a mesh antenna array fabricated without footprint into the mesh ground plane exhibits a gain value drastically reduced at 60 GHz (close to 0 dBi, see Fig. 11 ). Whereas the use of the mesh radiating layer footprint into the mesh ground plane maintains a high level of gain at 60 GHz (13.6 dBi against 15.6 dBi for the opaque antenna array). Nevertheless, our technology also puts limits at higher operating frequencies (100 GHz and above). In that case, the reduction of the mesh pitch will be needed at the expense of the optical transparency.
Our results can be compared with those of a 4 × 1 optically transparent patch antenna array based on a similar technology (micrometric mesh metal film printed on a fused quartz substrate) without any footprint into the mesh ground plane [19] (Table 2 ). Hence a 3.2 GHz resonant frequency shift is measured between the transparent antenna array and the reference and opaque counterpart. The side lob level remains high (−7 dB) due to the mesh processing. On the one hand, the gain difference between the transparent antenna array and the reference counterpart is equal to 0.5 dB because of narrower mesh patterns used (pitch from 100 µm to 200 µm, against 100 µm to 300 µm in the present work) which restrict the ohmic loss. On the other hand, the optical transparency of such antenna array is also reduced (37 % and 75 % against 68 % and 87 % in the present work) as explained above. A comparison with additional current 60 GHz antenna arrays is also given in Table 2 .
V. CONCLUSION
Optically transparent 4 × 2 microstrip patch antenna arrays operating at 60 GHz and made from double-sided micrometric mesh silver films have been designed, fabricated and measured. Their performance was compared with that of an opaque antenna array made of double-sided continuous silver films serving as reference (measured resonance frequency f = 59.7 GHz and measured gain equal to 15.6 dBi). As expected, the transparent antenna array made from a conventional mesh processing of the radiating layer and ground plane exhibits a large resonance frequency shift ( f = 3.6 GHz) and a lower gain (11.6 dBi). By adding the radiating layer footprint into the mesh ground plane and precisely facing each other, a lower resonance frequency shift is achieved ( f = 1.7 GHz) coupled with a higher gain value (13.6 dBi). Moreover, the radiating layer and its footprint into the ground plane do not need to be perfectly aligned (a misalignment up to 100 µm is allowed at 60 GHz) to provide strong performance at microwaves, even if it impacts slightly and locally the optical transparency of the sample (transmittance loss of about 5%).
